This paper describes the liquid scintillator veto system for the COSINE-100 dark matter experiment and its performance. The COSINE-100 detector consists of 8 NaI(Tl) crystals immersed in 2,200 L of linear alkylbenzene based liquid scintillator. The liquid scintillator tags between 65 and 75% of the internal 40 K background in the 2-6 keV energy region. We also describe the background model for the liquid scintillator, which is primarily used to assess its energy calibration and threshold.
Introduction
Overwhelming cosmological and astronomical observations have provided strong evidence that the most of the matter in the universe is consists of non-relativistic dark matter [1, 2] . The weakly interacting massive particle (WIMP) is one of the theoretically favored candidates to explain this dark matter [3] . COSINE-100 [4] is a direct dark matter detection experiment to test the DAMA experiment's detection of an annual modulation signal [5, 6, 7] using the same target material as DAMA. The COSINE-100 detector consists of 8 NaI(Tl) crystals with a total mass of 106 kg, used as active target. The crystals are immersed in 2200 L of liquid scintillator (LS) surrounded by 37 plastic scintillator panels.
It is critical to reduce the background as much as possible for dark matter searches because of the low cross-section of the WIMP-nucleon interaction. The dominant background contributions come from external sources such as decaying radioisotopes in surrounding materials, but remnants of this contribution and the background contribution from materials close to the detector still exist.
The COSINE-100 experiment utilizes the LS and plastic scintillator system as an active veto to reduce the background level by tagging neutrons and γ events from external sources, as well as backgrounds from the internal sources by tagging the escaping γ-rays. The data used in this report were acquired between 20 October 2016 and 19 December 2016, with a total exposure of 59.5 live days. During this period, no substantial environmental abnormalities or unstable detector performance were observed.
Liquid Scintillator Veto System Configuration
The liquid scintillator in the COSINE-100 detector is contained in an acrylic box. The inner walls of the acrylic container and the outer surfaces of the crystal assemblies are wrapped with Vikuiti-ESR specular reflective films to increase the LS light collection efficiency. The photons produced in the LS are detected by 18 5-inch R877 photomultiplier tubes (PMTs) from Hamamatsu, attached to the two opposite sides of the box. The minimum distance between the PMTs attached to the crystals and the acrylic box inner wall is approximately 40 cm. Figs. 1a and 1b show a schematic representation of the COSINE-100 detector and shielding structure with the liquid scintillator, and a diagram of the crystal arrangement, respectively. A more detailed description of the detector can be found in [4] .
The top 9 cm of the acrylic box holding the LS is left unfilled as a safety margin in the event of a temperature increase that causes an expansion of the LS volume. Gas boil-off from liquid nitrogen is purged into this volume at a rate of 3 liters per minute, to prevent contact with oxygen and water, as well as to maintain a high light yield of the LS. The relative humidity in this space is kept at <2.0% and the high heat capacity of the LS helps keep the temperature within the liquid stable at 24.20±0.05
• C. Signals from the PMTs are collected with two charge-sensitive Analog to Digital Converter (ADC) modules with a sampling rate of 64 MHz [8] . Each ADC module has 32 channels and its peak-to-peak voltage is 2 V with 12-bit resolution. The signals from the 18 PMTs of the LS veto detector are amplified by a factor of 30 before going to the ADC. The LS veto data is taken passively, which means the ADC modules only take data when the NaI(Tl) crystals generate a trigger. Ref. [8] describes details of the trigger algorithm used for the LS veto system.
Production of Liquid Scintillator
COSINE-100 uses linear alkylbenzene (LAB)-based liquid scintillator [9, 10] which contains 3 g/L of 2,5-diphenyloxazole (PPO) as a primary fluor to convert the captured energy into light and 30 mg/L of 1,4-bis (2-methylstyryl) benzene (bis-MSB) as a wavelength shifter [11] . The emission spectrum of LAB has a maximum at 340 nm, so the wavelength shifter was mixed to the solvent to adjust wavelength of optical photons suitable for the PMTs used in the COSINE-100 experiment. In order to prevent any possible insoluble impurities, LAB is filtered by Meissner filters that have 0.1 µm pore size. After mixing PPO and bis-MSB, the LS is purified using a water extraction method [12] to remove the possible contamination from natural radioisotopes.
Despite the water extraction process for purification, if the LS still has a sufficiently high level of radioisotopes such as 238 U or 232 Th, it will contribute to the background measured in the NaI(Tl) crystals. One needs to carefully measure the background level of the LS so that the background measured in the NaI(Tl) crystals is well understood. For this purpose, a prototype LS detector (∼70 mL in volume) read out by 3-inch PMTs was prepared and installed inside the KIMS shielding facility [13] at the Yangyang underground laboratory. A polyethylene shield is good enough to prevent external neutron background events in the alpha band. Alpha events are well separated from gamma events by pulse shape discrimination [14] . The intrinsic 238 U ( 232 Th) chain activity is measured by using the time coincidence between sequential beta-and alpha-(alpha-alpha) decays [15] .
238 U and 232 Th activity is measured as 7 ppt and 4 ppt, respectively for the COSINE-100 LS. Therefore, we could estimate that the background contamination from the LS veto for NaI(Tl) is lower than 0.001 counts/day/keV/kg (dru).
Calibration
The 18 PMTs are gain corrected and present very similar energy spectra, as shown in Figure 2 . The charges of the 18 PMTs are summed to produce the spectrum of the entire LS veto, and the saturated events are removed to avoid events with misrepresented energies, as seen in Figure 3 . The spectrum does not have many features, but it is possible to notice two main shoulders towards the higher energies. These are thought to be coming from energy deposited by gamma rays from 40 K (1.46 MeV) and 208 Tl (2.6 MeV). The LS spectrum does not have mono-energetic features that could be used for energy calibration or estimation of the energy resolution. Therefore, in order to calculate the LS veto calibration factor, we compare the data to a simulated spectrum, over different resolution functions. In the simulated spectrum we consider the energy deposited in the LS by all the detector's materials. We also compare crystal-LS coincidence spectra, selecting a specific group of events that could be tagged by both crystal and LS. For example, we select 40 K events which have 3.2 keV auger electrons deposited in the crystals and higher energy (up to 1460 keV) events in the LS. The shoulder around 1460 keV is then matched between the simulation and data, to determine an estimation of resolution and calibration. The comparison between data and simulation is shown in Fig 4. 
Background Fit
Once the calibration and resolution are estimated, the LS background can be modeled with a full spectrum fit. The Geant4 [16, 17] simulated spectrum consists of components from crystals, PMTs, the LS itself and other external components. Each component is simulated separately. Since the LS is currently being used in the passive mode, a selection must be applied to identify only the events depositing energy in at least one crystal.
The fitting is done with a standard likelihood fit, taking into consideration various simulated spectra and statistical uncertainties in data. Only the energy region between 500-3000 keV is fitted, since the resolution was estimated uniquely for the higher energies.
The fit considers initial estimation of the background levels, which are given in [18] . The exception for that is the 40 K in the LS. We compare that component with recent measurements. Only 100 hours of data are used in the fit, to avoid spectral changes due to gain drift. The fitted simulation spectra can be seen in Fig. 5 , while the background levels are given in Table 1 . The comparison between data (blue) and simulation (red) is shown at arbitrary rate scale. The data spectrum has higher rates at lower energies due to other background components that can act at those energies. At energies above ∼ 1.9 MeV, events cannot be attributed to 40 K only, so they must correspond to decays of other components or wrong coincidence.
Analysis Threshold Estimation
The single and multiple hit event selection require an energy analysis threshold for the LS channel data. However, since the total charge of the LS is always recorded when there is a crystal trigger (there is always a total LS charge associated to a crystal event), one must determine which LS events are real coincidence and which are due to noise or fluctuations. One way to assess this is by analysing the total rate dependence over the LS total charge integral (or event energy), which is expected to drop as energy increases due to the higher amount of noise at lower energies. The LS analysis threshold is then estimated based on the energy at which LS noise events do not affect the total multiple hit rate of the crystals. This means that above that threshold all the LS events will be considered real coincidence events with the crystals' signals.
Data from LS is recorded when at least one crystal is triggered (passive trigger) or when both the LS and at least one muon detector are triggered (active trigger) [8] . LS charge is digitized every 16 ns (sample time). When the channel is locally triggered, the input signal is integrated over the following 192 ns. Local triggers may not, however, correspond to the recorded data rate, since coincidence conditions have to be respected (see conditions described in [8] ). The ∼ 200 ns/event is the intrinsic dead time of the LS, meaning that no trigger happens within that integration time. The amount of noise in LS channels can, therefore, affect the total dead time of the detector in the active trigger configuration. The analysis threshold can be estimated by taking a conservative assumption that the LS dead time should not contribute to more than 0.5% of the LS rate at saturation point.
Considering the 200 ns/event integration time, the LS channels saturate fully at 5 MHz. Nonetheless, since the energy threshold desired is for crystal-LS coincidence events, that is not the total rate that should be considered. The trigger rate of the crystals is approximately 15 Hz in average, which results in the LS coincidence events also having that rate. For each crystal trigger, a 4 µs window is open in the LS channels to search for the maximum integrated charge for each of them, resulting in a total window of 60 µs per second. This means that only the noise events in that time fraction are able to affect our coincidence energy threshold, bringing the 5 MHz down to 300 Hz, as 5 MHz × 60 µs/second = 300 Hz, the total rate at which we have 100% dead time. With the above assumption to keep the dead time at the maximum of 0.5%, it would correspond to setting an analysis threshold at the LS energy where the rate is below 1.5 Hz. Figure 6 shows how the LS total trigger rate changes as a function of the threshold. With a higher analysis threshold, the LS trigger rate decreases as less events pass that energy threshold. This demonstrates that by having a threshold of 20 keV, you can achieve <0.5% dead time in the LS channels.
Background Tagging Efficiency
The tagging efficiency is defined as the fraction of events tagged (vetoed) by the LS among all the triggered events in the crystals. In order to estimate the tagging efficiency of the LS system in COSINE-100, we count the event rates of the NaI(Tl) detectors with and without the LS veto requirement, as shown in Fig. 7 . The detectors realize a significant reduction in the background rate by requiring that no signal appear in the LS veto detector. The total tagging efficiency of six active crystals in the COSINE-100 system, which is calculated with the total number of LS-tagged events, is shown in Table. 2, for 6-20 and 100-1500 keV energy regions. Two crystals, Crystal-5 and Crystal-8, are not shown due to their lower light yields and hence the higher energy thresholds (4 keV and 8 keV) [4] . The total tagging efficiencies of the LS are between 10% and 16% in the low energy region and between 50% and 62% in the high energy region, for different crystals in the detector system. This can be clearly observed in Fig. 7 by comparing rates of the coincident events and the total events. The tagging efficiencies in the energy interval of 2-6 keV are higher than those in the 6-20 keV, which indicates that the efficiency of tagging 40 K with LS is higher than that of the other components.
One of prominent backgrounds for dark matter searches with NaI(Tl) crystals is the internal 40 K decay into 40 Ar [19, 4, 20, 21, 22, 23] . This decay generates an X-ray at approximately 3.2 keV with a 1460 keV γ-ray. If the accompanying 1460 keV γ-ray escapes from the crystal, the event consists of a single 3.2 keV hit, which becomes a background in the region of interest for WIMP search. However, if we tag the escaping 1460 keV γ-ray with the LS veto detector, we can effectively reduce the low-energy contribution of the 3.2 keV X-ray in the NaI(Tl) crystal.
In order to properly obtain this 40 K tagging efficiency of the LS system, we need to simulate various background sources with the Geant4 simulation package. The veto efficiency for energies between 2-4 keV is estimated from the internal 40 K simulation, which shows that the tagging efficiency of the 40 K events is 65 -75%. The un-tagged 40 K events are due to 1460 keV γ-rays escaping completely the LS Veto, or escaping towards the crystals' PMTs (and scattering there), or even due to 40 K decays into 40 Ca instead of 40 Ar. The 40 K tagging efficiencies of Crystal-1 (75.1%) and Crystal-4 (75.9%) are found to be higher than the other crystals, since these two crystals are located at the edges of the array and hence the surrounding LS volume is larger, as shown in 1b. The efficiencies of Crystal-6 (66.5%) and Crystal-7 (65.8%), on the other hand, are the lowest as they are at the bottom layer and surrounded by neighboring crystals. The filled (blue) circles in Fig. 7b show the low-energy spectrum of the NaI(Tl) crystal that is tagged by the LS veto detector. The size of the 3.2 keV peak from 40 K decay differs based on the crystal due to the difference in initial 40 K contamination levels in each of them, where Crystal-2 has the highest level of 40 K contamination, followed by Crystal-1/Crystal-3/Crystal-4 and Crystal-6/Crystal-7 [4] .
Gain fluctuation and correction
The LS gain can be monitored by tracking a Compton edge of 40 K over time. To quantitatively evaluate the LS gain, we fit the Compton edge of 40 K found in the LS spectrum with the following function,
and extract the p 2 parameter which represents a location of the Compton edge. The plot of the parameter p 2 as a function of time is shown in Fig. 8a , and it was observed that the gain slowly starts to decrease from the beginning of the physics run and it hits the minimum at around early April 2017 while the gain fluctuates in between. Then the gain increases back to 85% of the original gain at around late June 2017, and has been slowly dropping since. We have not found the cause of this behavior, as there are only limited information of LS system that can be gained from the current detector DAQ configuration where we only save charge sum of a triggered event. However, it is important to correct the LS gain as it will impact the signal event selection of COSINE-100. We took the p 2 parameter from the LS spectrum of the first dataset of the physics run as a reference, then corrected the rest of the datasets by correcting the same fit parameter. The fit parameters from the corrected LS spectrum as a function of time can be found in Fig. 8b where the trend is improved after the correction. 
Conclusion
The main purpose of the LS veto system of the COSINE-100 experiment is to reduce the background level both from the external and internal sources. The liquid scintillator is carefully produced to have high light yield with low radioactive background. The data with a total exposure of 59.5 live days were used for this analysis. A Geant4 simulation shows a good agreement with the data measured from the LS system, and this simulation result is then used to cross-check the calibration of the LS. The analysis threshold is estimated to minimize noise events contamination in event selection. The tagging efficiency of the 3.2 keV X-rays from internal 40 K is estimated to be about 65 to 75% from the Geant4 simulation.
